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1. INTRODUCTION

The research performed under this contract includes several topics. The first topic is an
examination of defects and impurities in III-V binary, ternary and quaternary semiconducting
films made by the organometallic vapor phase epitaxial(OMVPE) technique. The second topic
is an investigation of III-V multilayers and quantum well structures. A third topic is an
investigation of photo-induced structural changes in amorphous semiconductors. All three
topics utilized optical and magnetic resonance techniques especially designed for thin-film
geometries, The important experimental techniques included electron spin resonance (ESR),

nuclear magnetic resonance (NMR), optically-pumped NMR and ESR, optically detected

magnetic resonance (ODMR), photoluminescence (PL), optical absorption and various
modulated optical speciroscopies such as thermally modulated PL.

The roles of defects and impurities are important to understand in electronically
important semiconductors in order to optimize existing electronic devices and to create new
devices. Of particular importance for this contract are systems such as GaAs, InP, GalnAs,
GaAsSb, and GalnAsP grown by the OMVPE technique.

Layer structures and quantum wells are now readily available in films grown by the
OMYVPE technique. These structures have potential applications in both high speed devices
and in infrared laser applications. As the layer thicknesses get smaller and smaller, the
optical and electronic properties of the films charnge dramatically.

Thin films of such amorphous semiconductors as As,S; undergo structural changes after
irradiation with light. These so-called photostructural changes are potentially technologically
useful because the etch rates are different in the exposed and unexposed regions. In order to
optimize these effects one must first understand the basic mechanisms for the photostructural
changes. The approach used to investigate these problems has been to employ experimental
probes of the local order, such as magnetic resonance, optical spectroscopy or a combination
of these two techniques. The materials studied have been those of technological importance
for small scale electronic devices, for lasers, for filters or for other infrared devices. The

experimental apparatus has been especially developed and designed for thin-film geometries.




II. PHOTOLUMINESCENCE IN STRAINED InGaAs-GaAs HETEROSTRUCTURES

Using PL techniques we have recently determined the critical layer thicknesses for a
range of strained-layer compositions in the system In Ga,_ As-GaAs. These critical
thicknesses have been compared with similar values measured on the same layers by double-
crystal x-ray diffraction. Both techniques give essentially the same results.

Recent interest in strained-layer superlattices (SLS) and single quantum wells (SQW) has
been motivated bty their potential for high-speed and optoelectronic device applications.}:?
Strained-layer heterostructures allow the use of lattice mismatched alloys, such as InGaAs-
GaAs, without the generation of misfit dislocations. This freedom from the uced for precise
lattice matching broadens the choice of compatible alloys and increases the ability to tailor
the electronic and optical properties of such structures. However, the layer thicknesses d of
the mismatched materials have to be thinner than some strain-dependent critical value h_ so
that the lattice mismatch is entirely taken up by elastic strain. Although there has been
considerable work on the properties of strained-layar structures, the value of the critical
thickness is still a matter of controversy.®:* In particular, double-crystal x-ray diffraction
measurements of InGaAs/GaAs single heterostructures® give values of h, that differ by a
factor of 4 from those determined by low-temperature photoluminescence (PL) measurements
of InGaAs/GaAs single quantum well heterostructures® and SLS’s.® It is of interest,
therefore, to determine whether PL measurements of h_ give the same results as those from
double-crystal x-ray diffraction measurements using the same InGaAs/GaAs single
heterostructures for both experiments.

The PL spectra of In; ,5Ga, ;5As-GaAs single heterostructures are shown in Fig. 1 for
representative layer thicknesses. The peak at approximately 820 nm, which is observed for
the thinnest samples, arises from the luminescence of the GaAs subsirate. Luminescence
from the InGaAs layers consists of a single peak which shifts to lower energy as the layer
thickness increases, This shift in the position with increasing thickness is also accompanied
by an increase in the full width at half maximum (FWHM) of the peak. The broader FWHM
in the thicker samples is indicative of the degradation of the structural quality following

dislocation formation.
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The PL intensity of the InGaAs peak is found to decrease gradually with increasing layer
thickness for all compositions studied. For example, the peak intensity in the d = 200 A
spectrum with x = 0.25 is approximately 400 times more intense than that in the 10,000-A
spectrum. These results are in marked contrast with the dramatic decrease in intensities
beyond the critical thickness that is observed in InGaAs/GaAs SLS's® and single quantum
wells SQW.5 it indicates that the crystalline quality of the epilayer is better preserved beyond

h,_ in the single heterostructure than in the SLS’s and SQW’s.




The shift in the PL peak energy is due to biaxial {parallel to [010] and [001]) elastic

strain and, in the thinner samples, to quantum size effects. Elastic strain results from the

epilayer maintaining registry with the substrate such that the lattice mismatch is

accommodated entirely by elastic strain. After correcting for quantum size effects, the PL

peak is expected to be at a constant strain shifted position for epilayer thicknesses less than

the critical thickness and to move toward the unstrained bulk position beyond the critical

thickness as the introduction of misfit dislocations, at first partially, then fully, relieves the

strain in the epilayer. The layer thickness at which the strain-shifted PL peak begins to move

towards the unstrained bulk position becomes then a measure of the critical layer thickness

beyond which misfit dislocations are introduced.
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Fig. 2. Shift of PL peak energy as a function of
layer thickness. Full symbols represent measured
values, while open symbols represent peak
energies corrected for quantum size effect. Solid
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layer thickness as determined by double-crystal
x-ray diffraction.
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The shift in the PL peak position as a function of epilayer thickness is plotted in Fig. 2
for In mole fractions of 0.07, 0.14 and 0.25. The peak shift is measured relative to the
unstrained samples. The scatter among the points is mainly due to the spatial variation in thc
In mole fraction of approximately 0.005 for x = 0.07, 0.01 for x = 0.14, and 0.015 for x =
0.25, which contribute uncertainties of 8, 15 and 20 meV, respectively. The open symbols in
the figure represent the PL peak positions after correcting for the quantum size effect, while
the full symbols designate the measured values. The first data points to clearly deviate from
the strained positions are the 4000-, 1000-, and S00-A points for the x = 0.07, 0.14 and 0.25
cases, respectively. On the basis of the strain-induced PL peak shift it is therefore possible to

determine the critical thickness for these structures. It occurs between 2000 and 4000 A in

the x = 0.07 case, between 500 and 1000 A in the x = 0.14 case, and between 300 and 500 A
in the x = 0.25 case. Scatter in the PL peak position due to experimental uncertainty in the In
mole fraction values has meant that critical thicknesses have not been measured with the same
accuracy as was possible by structural measurements using double-crystal x-ray diffraction.
Nevertheless, within the experimental uncertainty, the PL measurements of h_ yield

essentially the same results as the x-ray measurements.”
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HI. EXCITON BINDING ENERGIES IN InP/GalnAs/InP SINGLE QUANTUM WELLS

Studies of the absorption® and photoluminescence (PL)® for quantum well structures in
the AlGaAs/GaAs system have been an active area of investigation for several years. It has
been found that the quantum well PL is dominated by exciton transitions to much higher
temperatures than for bulk materials. This has come to be understood in terms of the
compression of the electron and hole wave functions in the quantum well giving a larger
overlap and hence a stronger binding energy.’®:** For the initial, infinite well calculations,
the exciton binding energy increases monotonically as the well width L, is reduced until
reaching a value for the two-dimensional system of four times the bulk value, i.e.,
approximately 24 meV for the GaAs/AlGaAs quantur “wells. Using PL excitation
spectroscopy (PLE), such a trend has been observed for wells varving in»thickness form 42 w0
145 A.

Recently we have demonstrated that thermally modulated PL (TMPL) may also be used
to determine the exciton binding energy.}* For the GalnAs/InP system, we reported a
monotonic increase in exciton binding energy with decreasing well width to nominal well
widths of approximately 65 A. Graded interfaces in the early organometallic vapor phase
epitaxial (OMVPE)-grown wells prohibited investigation of the exciton binding energy at
smaller well widths. More recently, the OMVPE growth technique has progressed to the
point that atomically abrupt interfaces have been achieved. Wells with nominal widths as thin
as 10 A are reported with narrow PL spectra.’®* We have now observed a maximum in
exciton binding energy with decreasing well width.

The PL and TMPL spectra for » cample having a nominal well width of 100 A,
determined from the macroscopic growth rate of 3 A/s, are shown in Fig. 3. The single PL
peak is seen to be composed of two TMPL peaks with opposite signs. The TMPL peaks have
typical intensities approximately 1072 of the corresponding PL peak intensities. The
derivative TMPL spectrum allows a separation into transitions with opposite dependences of
intensity on temperature. An increase in temperature results in a decrease in exciton

concentration, hence an increase in the free-carrier cuncentration. Thus, an increase in




temperature results in a decrease in exciton recombination, and an increase in free-carrier
recombinatior., f[he relatively broad rL peak in Fig. 2 can be resolved into two component
TMPL -~ iks. The higher energy, positive peak is due to free electron and hole
-ecombination and the negative peak is due tc exciton recombination. The separation of 6
meV yields an estimate of the exciton binding energy at this well width (100 A). However, a-
discussed by Gal et al.,’2 a more accurate value of exciton binding energy can be obtained
fitting the results of a simple model calculation to the TMPL spectrum with the exciton
binding energy as an adjustable parameter. This analysis shows that the TMPL peak
separation is always greater than or equal to the actual exciton binding energy. For many of
our spectra involving the participation of regions with several quantum well widths, a simple
calculation cannot be used to fit the experimental data. Thus, we use the peak separation as
an upper limit of the exciton binding energv. This difficuity will not affect the qualitative
features of exciton binding energy versus well widths. Also shown in Fig. 3 are the PL and
TMPL spectra for a quantum well with a nominal width of 18 A. The extra structure in this

spectrum is discussed elsewhere.!®

T:4 2K L,18A L, 100 A

PL/TMPL INTENSITY (arb unit)

T WAVELENGTH (um)

Fig. 3. Photoiuminescence and thermally modulated photoluminescence
spectra for two InP/GalnAs/InP quantum wells with nominaf thicknesses
of 100 and 18 A. The measurements were performed at approximately 2 K.
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Similar results have been obtained for other samples with nominal well widths in the
range from 3 to 100 A. The PL consists of a doublet, or triplet, due to the presence of two,
or three, well widths, differing in thickness by a single monolayer, sampled simultaneously by
the excitation beam.?® In all cases the PL is rmuch stronger than for thick GalnAs layers and
the PL half widths are nar;ow. For each well, the separation between the TMPL peaks for
free electron-hole and exciton recombination allows an estimation of the exciton binding
energy. The values determined in this way are plotted versus nominal well width in Fig. 4.
For the thickest well, having a nominal width of 100 A, the exciton binding energy of
approximately 6 meV corresponds closely with the value observed from absorption
measurements on 110 A AllnAs/GalnAs wells reported by Weiner at al.'® and the TMPL
results of Gal et al.’? who reported a value of 7 meV for a 100 A GalnAs/InP quantum well.

This gives confidence that the simple expedient of using the TMPL peak separation as a

measure of the exciton binding energy does not produce large errors.
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As expected and observed eailier,'? the exciton binding energy increases with decreasing

well width, However, we observe a peak occurring at a nominal well widih of approximately
13 A with a maximum exciton binding energy of approximately 17 meV. A sharp decrease in

exciton binding energy is observed for thinner quantum wells.




IV. ODMR IN InP

The P, antisite in InP was first identified by conventional electron paramagnetic
resonance!’ (EPR or ESR) in an electron-irradiated, liquid-encapsulated, Czochralski-grown
single crystal, and subsequently by two different optically detected magnetic resonance®2?
(ODMR) techniques. ODMR has been one of the most useful probes of the ztomic and
electronic structure of antisites and other intrinsic defects in semiconductors, for the
following reasons. While conventional EPR is restricted to stable or metastable paramagnetic
states, optically detected magnetic resonance (ODMR) can be applied to defects with short-
lived paramagnetic excited states and nonmagnetic ground states. In addition, while
conventional EPR generally requires more than 10%° spins/cm” in order to observe a
resonance, even in bulk samples, ODMR is potentially sensitive to a much smaller
concentration of defects.

More recently, the resonance of the antisite in nonirradiated zinc-doped LEC-grown InP
was observed?! by PL ODMR, and, in addition, a new antisite-defect complex was identified
by the same technique in phosphorus-annealed InP.?? In all of the above PL ODMR studies,
the antisite resonance was observed as enhancing a deep PL band at 0.8-0.9 eV. (The
antisite-related PL appears to dominate the total deep-level PL emission spectrum in heavily
electron-irradiated InP, but is only seen as a small shoulder on top of the other deep-level PL
bands in the as-grown samples.2% 2%)

We have shown?? that the antisite resonance in as-grown InP:Zn can be observed both as
an enhancing resonance of the deep-level PL at 0.8 eV and as a quenching resonance, of
approximately equal magnitude, of the shallow-donor to acceptor PL at 1.37 eV. Other
ODMR signals have also been detected at 1.37 eV.

ODMR spectra obtained by monitoring the Py -antisite-related PL at 0.8 eV and the
shallow-donor to acceptor PL at 1.37 eV are shown in Figs. 5(a) and 5(b), respectively. For
conciseness, the antisite resonance detected at 0.8 eV will be denoted the antisite-antisite

{(AS-AS) resonance, and the antisite resonance detected at 1.37 eV will be denoted the

antisite-donor-acceptor (AS-DA) resonance. The AS-DA resonance is observed with better
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Fig. 5. (a) Spectrum of the antisite ODMR enhancing the antisite to
acceptor PL at 0.8 eV. Spectrum shown here was obtained by averagmg
many individual spectra, with photoexc:tatnon intensity, 1 W/cm? micro-
wave resonance frequency, 15.9 GHz; microwave power, 20 mW; vanable
modulation frequency. (b) Spectrum of the antisite ODMR quenching the
shallow-donor to acceptor PL at 1.37 eV, obtained by averaging many
individual spectra; other experimental parameters same as for (a).

signal-to-noise than the AS-AS resonance because of the differences in PL intensity and
detector sensitivity, but the peak positions and linewidths of the two are equal within
experimental uncertainty.

The Py, antisite resonance is split into two lines because of the strong hyperfine

interaction between the electron spin and the central *P(I = 4) nucleus. Unresolved ligand

hyperfine interactions give rise to the large linewidth (0.039 T) of each component.
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The observation that the antisite resonance quenches the shallow donor to acceptor PL at
1.37 eV provides support for the model of Deiri et al.,'® arcording to which the antisite-
related PL at 0.8 eV, at least in p-type material, arises from the recombination of an electron
bound to an antisite with a hole bound to an acceptor. Antisites and shallow donors may then

be competing recombination centers for acceptor-bound holes. The recombination processes

may be written as

Pl +A°> P2+ A"+ hv(0.8 eV), (1
D’+ A°- D+ A +hv(l.37eV). (2)
Here, P31, is the paramagnetic state of the antisite, occupied by one electron, and P%; 1s the

nonmagnetic fully ionized state. Similarly, D° is the neutral state of the donor, occupied by

one electron, A is the neutral state of the acceptor, occupied by one hole, and D* and A~ are

the
0007y _ A
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1 37
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Fig. 6. Energy -level diagram showmg the antisite (P,%"), shallow-
donor (D%*), and zinc-acceptor [A®/ (Zn)] states in the band gap of InP
and the two competing recombination processes: the antisite to acceptor
transition (1) and the shallow-donor to acceptor transition (2).
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jonized states of the donor and acceptor. An energy-level diagram illustrating the competing
recombination processes (1) and (2) is presented in Fig. 6.

It is assumed that the antisites and shallow donors are fully compensated by Zn
acceptors; thus all of the donor levels are fully ionized in the ground state (D" and P%;). This
assumption is consistent with the observation that too few antisites are paramagnetic (P‘I’n) in
the ground state to observe by EPR or MCD ODMR. It is also assumed that the doubly
occupied state of the antisite (P7,), if present at all, does not have a significant effect on the
recombination processes studied by ODMR. At high photoexcitation intensities, conduction-
band to acceptor recombination may become an important process. The band t. uc.ontor PL
occurs at slightly higher photon energy than the shallow-donor to acceptor PL (1.378 eV
versus 1.373 eV); the two transitions generally give rise to one unresolved peak in the PL

spectrum.




V. THERMALLY-MODULATED PL AND ODMR

Optically detected magnetic resonance (ODMR) is a well established method of
investigation of spin-dependent recombination processes in crystalline and amorphous solids.
In ODMR, electron spin resonance in an excited state of a defect center is detected as a
relative change in the intensity or polarization of the recombination radiation. Since ODMR
combines the relatively weak magnetic resonance phenomenon with the strongly spin-
dependent optical transitions to measure the change in emission intensity or polarization it is
potentially a very sensitive technique. In an ideal experiment the sample would be subjected
only to the microwave magnetic field of the resonant cavity. Due to its finite size, however,
the sample is also exposed to the microwave electric field. In a microwave modulated ODMR
experiment this "spurious” electric field can result in a modulation of the sample temperature
and thus to a simultaneous temperature modulation of the photoluminescence intensity. Since
the microwave and temperature modulation frequencies are the same, a phase sensitive
technique will detect changes in the photoluminescence intensity due to both, magnetic
resonance (intended), as well as temperature modulation (unintended). Temperature
modulated photoluminescence (TMPL) spectroscopy in itself has been developed into a
technique for investigating recombination processes in semiconductors.*® Iu the earlier stages
of this development, the sample was mounted on a thin film resistor to modulate the sample
temperature.?“*2> Now the sample is placed in a specially designed microwave cavity, in
which the maximum of the microwave electric field coincides with the sample position and
the sample temperature is modulated via microwave heating.2%+%’

In some materials zero magnetic field and non-resonant background signals have been
observed in ODMR?3:28.28 (¢ g the experiments described in the previous section) and
optically detected cyclotron resonance (ODCR)° experiments. The magnitudes of both
effects generally vary with the experimental conditions, in particular microwave power and
photo-excitation intensity. The zero field signal can be orders of magnitude larger than the

actual ODMR signal and effectively mask it. A typical example is the ODMR spectrum of

InP:Zn, shown in Fig. 7(a), where at low photoexcitation (bottom curve in Fig. 7(a)) the
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Fig. 7. (a) All light 3 GHz "ODMR" of InP:Zn at different microwave
powers (MWP) and photoexcitation intensities (LP). The zero field
signals are AI/I = -0.46%. -0.12% and -0.65% for the top to bottom
curves, respectively and the vertical scale is ~ 0.018% per tic mark for
all curves. The large zero field offsets were omitted for the purpose

of presentation. The zero levels are therefore arbitrary, however, all
curves are plotted on the same scale. (b) All light 3 GHz "ODMR" of InP
at different microwave powers. The zero field signals are AI/I = -0.05%,
-0.14%, -0.37% and -0.35% for the top to bottom curves, respectively
and the vertical scale is ~ 0.43% per tic mark. The zero field signal is
included, however, the zero of each curve was chosen arbitrarily.

fractional change in the PL-intensity is AI/I = -0.655% at magnetic resonance (~ 0.2 Tesla)
and -0.65% at zero magnetic field. Since the ODMR signal is much weaker than the zero
field signal it is necessary to compensate for the latter. But the large magnitude of the zero

field signal may require a reduction in sensitivity, thereby making an ODMR measurement

much more difficult. At higher photo-excitation intensities (top curves of Fig. 7(a)) the
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Fig. 8. Incorrect PL and TMPL spectra of the undoped InP in the

(a) 3 GHz and (b) 16 GHz configuration. Magnetic field dependence

of the undoped InP TMPL spectrum (c) at 560 mW microwave power in

the 3GHz configuration and (d) at 30 mW power in the 16 GHz

configuration. For the purpose of presentation the curves were

displaced an integral multiple of 2 units.
ODMR signal is easily observed because it is only a factor of 10 weaker than the zero field
signal. A second example is shown in Fig. 7(b) for undoped InP. No magnetic resonances are
observed, yet large non-resonant signals up to al/I = -0.35% at zero magnetic field and +1.5%
at 3 Tesla (bottom curve of Fig. 7(b)) are present, demonstrating a strong magnetic field
dependence of these signals under certain experimental conditions. Also note the gross

similarity between the non-resonant signals in the two samples in Fig. 7 (InP:Zn and undoped

InP). We have correlated these zero field and non-resonant signals to a temperature
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Fig. 9. Comparison between the "all light ODMR" spectrum (solid curve)
and the magnetic field dependent integral of the corrected InP TMPL
spectra (open circles) at 3 GHz and 16 GHz, respectively. The zeros
shown are absolute and the curves include the zero field signals. The
error bar indicates for a representative point the error in the numerical
integration of the TMPL and PL spectra due to uncertainties in the
choice of the baseline.

modulation of the photoluminescence which is induced by the microwave electric field of the
resonant cavity.

The TMPL spectra of InP, shown in Fig. 8(a) and 8(b), were obtained using the 3 GHz
and 16 GHz ODMR cavities, respectively. These spectra are in excellent agreement with
those acquired in TMPL experiments using the resistive heating technique. The spectral
resolution (~ 100 A) of these experiments is not good enough to define the TMPL line shapes
accurately for all features, but this resolution was chosen because it corresponds to that which

is commonly employed for the ODMR measurement on these samples. It should be pointed




VI. SUMMARY

Recent interest in strained-~layer superlattices and quantum wells has been motivated by
their potential for high-speed devices. Although there has been considerable work on
strained layer heterostructures, the values of ihe critical thicknesses are still a matter of
controversy. Qur PL measurements have demonstrated a useful diagnostic technique to
measure critical thicknesses in strained layer heterostructures.

In single quantum wells the binding energies of excitons are expected to increase as the
well widths decrease because of quantum confinement of the excitons. As the wells decrease
further, the binding energies are expected to decrease once again as the lowest energy level in
the quantum well approaches the barrier energy and the wave function spills out into the
barrier layer. "Our thermally modulated photoluminescence measurements on InP/GalnAs/InP
single quantum wells where the well widths are as small as about 3  have demonstrated this
trend for the first time/.'

“The P/In antisite in InP was first identified by ESR. Our recent ODMR experiments have
discovered a ;1uenching resonance for the Py, antisite by monitoring the shallow donor-
acceptor (Zn) PL in Zn-doped InP. Because this ODMR can be observed with much better
signai to noise than the primary enhancing resonance, the commonly accepted model can be
tested in more detail. This model® is confirmed by the present results.

There is often an annoying non-resonant background sigral in ODMR studies of 1II-V
semiconductors. We have shown that this non-resonant background is due to a thermal
modulation of the PL. Detailed analyses of this thermally-modulated PL signal have
demonstrated that the background signals so often observed in ODMR in semiconductors are
in fact thermal in origin. These thermal signals result from a temperature modulation of the

photoluminescence induced by the microwave electric fields of the ODMR cavity.
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